Genetic stability is fundamental to the viability of individual cells and the functionality of multicellular organisms. Loss of this stability is, most likely, both a cause and a consequence of transformation and immortalization at the cellular level and of tumorigenesis in mammals. A multitude of evidence points to DNA damage as a direct cause of both minor (point mutations) and major (chromosomal aberrations) genetic changes.
Agents that cause damage to DNA trigger a number of cellular responses, including induction of a signal transduction pathway (7) , inhibition of progression through the cell division cycle (22, 49, 51, 55) , and removal (or tolerance) of damage by a wide variety of enzymatic mechanisms (for reviews, see references 8 and 42). Delays in cell cycle progression are believed to cooperate with DNA repair processes, resulting in the maintenance of genetic fidelity at both the nucleotide and chromosomal levels. Certain types of DNA-damaging agents cause delays of cell cycle progression in G 1 and/or G 2 phase. These G 1 or G 2 arrests are thought to provide additional time for cells to cope with damage before the onset of DNA replication or mitosis, respectively. Not surprisingly, cells with mutations in genes affecting the G 1 or G 2 arrest pathway react adversely to treatment with DNA-damaging agents. Saccharomyces cerevisiae rad9 (and possibly rad17) mutants, which have defects in both G 1 and G 2 arrest in response to DNA damage (45, 52) , are more sensitive than wild-type cells to UV (50) and ionizing (52) radiation. The rad9 cells also have a higher frequency of spontaneous chromosome loss than wild-type cells (53) . Similarly, the rad1 and rad3 (and possibly the rad9 and rad17) mutants of Schizosaccharomyces pombe are more sensitive than wild-type cells to UV or ionizing radiation because of a lack of the G 2 arrest checkpoint (2, 13, 41) .
In mammalian cells, the correlation between DNA damage sensitivity and the lack of cell cycle checkpoints is much more tenuous. Cells from patients with ataxia telangiectasia (AT) do not delay entry into DNA replication or mitosis in response to treatment with UV (20) or ionizing (39) radiation. AT cells have high levels of chromosome abnormalities (39) . In normal cells, the p53 protein has been shown to be involved (possibly downstream from the AT gene product) in the G 1 arrest pathway in response to ionizing radiation (16) . Cells with p53 mutations also have a high degree of genomic instability (12) . Somewhat paradoxically, the lack of p53 function seems to actually increase the radioresistance of certain cell types, a phenomenon that has been explained by the loss of p53-dependent apoptosis (6, 23, 26, 46) . The loss or change of function of p53 appears to be involved in the initiation of the tumorigenic phenotype, probably by increasing the pace of genetic change in actively dividing cells. This may also be true for loss of function of the retinoblastoma protein, which appears to be involved downstream of p53 in the regulation of progression into S phase (9) . Theoretically, any loss of control of cell cycle progression can cause the premature entry of cells into DNA replication or mitosis while DNA damage still persists, resulting in elevated levels of genomic instability (via mutation fixation or chromosomal aberrations, respectively). The DNA-damaging agent used in most of the earlier cell cycle progression studies was ionizing radiation, which induces a variety of DNA lesions including single-and double-stranded breaks. Recent studies (27, 37) have suggested that strand breaks might be the original signal that leads to arrest of cell cycle progression in either G 1 or G 2 . This is an attractive model because strand breaks are such serious threats to the fidelity of both DNA replication and chromosome segregation. Agents that generate only base damage have not been well studied in relation to their possible effects on cell cycle progression. However, base damage may lead to the formation of strand breaks through intermediates of repair and/or replicative processes. Base damage induced by UV light has been well studied with respect to characterization of the major lesions (cyclobutane pyrimidine dimers [CPDs] and 6-4 photoproducts) and their repair by the nucleotide excision repair pathway. Therefore, in this investigation, UV light was used to determine whether base damage itself (or repair or replicative intermediates resulting from such damage) would be able to induce cell cycle arrests. In this report, we describe the development of protocols to synchronize Chinese hamster ovary (CHO) cells at defined points in the cell cycle. We used this system to investigate the effect of UV irradiation on the progression of cells synchronized at defined points in the G 1 , S, and G 2 phases of the cell cycle. Our results indicate that UV irradiation of CHO cells at defined points in either G 1 , S, or G 2 phase delays progression through that phase. In addition, UV irradiation of cells in S phase leads to an extended G 2 arrest and apoptotic cell death. We have also attempted to correlate these cell cycle perturbations caused by UV irradiation to the major events involving fidelity of the genome, namely, DNA synthesis during S phase and chromosome segregation during mitosis. In the accompanying report (40) , we use the synchronization methods (as well as the results on the effect of UV irradiation on cell cycle progression) described here to investigate the nucleotide excision repair patterns for removal of UV-induced CPDs during the G 1 and G 2 phases of the cell cycle.
MATERIALS AND METHODS
Cell culture. CHO B11 cells, containing an amplified dihydrofolate reductase gene (18) , were grown in monolayer at 37ЊC in a humidified atmosphere (5% CO 2 ) in special Ham's F12 medium (without glycine, hypoxanthine, and thymidine) supplemented with dialyzed fetal bovine serum (10%), penicillin (100 U/ml), and streptomycin (100 g/ml). Methotrexate (500 nM) was added to maintain the selection pressure for the amplification of the dihydrofolate reductase gene in these cells. Starvation medium contained only 0.2% dialyzed fetal bovine serum but was otherwise as stated above. When indicated, complete medium was supplemented with mimosine (Aldrich) to a concentration of 50 to 200 M. Cell synchronization protocols are described in detail in Results.
UV treatment. Immediately prior to irradiation, medium was removed from monolayer cultures in 100-mm-diameter plates and the cells were rinsed once with phosphate-buffered saline (PBS). After removal of PBS, the cells were UV irradiated (5 to 40 J/m 2 at 254 nm) by using a germicidal lamp. After irradiation, the cells were either immediately prepared for flow cytometry (see below) or incubated in fresh complete medium for handling at later time points.
Flow cytometry. The cell cycle phase distribution of a cell population was determined by measuring the DNA content of individual cells by flow cytometry. In preparation for flow cytometry, cells (1 ϫ 10 6 to 5 ϫ 10 6 ) were suspended in complete medium after trypsinization, pelleted by centrifugation at about 500 ϫ g, resuspended in PBS, and repelleted. The cells were then resuspended, fixed in 5 ml of cold ethanol (70%), and stored at 4ЊC. Just prior to flow cytometric analysis, individual samples were treated with RNase and then stained with propidium iodide according to instructions (and using reagents) provided with the Cellular DNA Flow Cytometric Analysis Reagent Set (Boehringer Mannheim). Propidium iodide-stained cell suspensions were then analyzed by using a Becton Dickinson FACScan. Histograms (relative fluorescence versus cell number) were generated from the flow cytometric data by using Lysis II software, and the cell cycle phase distributions were quantitated by using either Lysis II or CellFit software.
Analysis of cellular DNA for apoptotic degradation. After UV irradiation of CHO B11 cells synchronized in mid-S phase, cultures (in 100-mm-diameter plates) were incubated in complete medium for up to 76 h. At various time points, the medium was removed from individual cultures and centrifuged at low speed (500 ϫ g) to pellet any floating cells. Subsequently, the floating cells and the remaining attached cells were separately lysed by using a proteinase K (0.5 mg/ml)-sodium dodecyl sulfate (1%)-Tris (10 mM, pH 8.0)-EDTA (1 mM)-NaCl (10 mM) solution. DNA was purified from each lysate by salt extraction (33) and ethanol precipitation. After treatment with DNase-free RNase, the DNA was again precipitated with ethanol and resuspended in a small volume (Ͻ200 l) of Tris (10 mM, pH 8.0)-EDTA (1 mM) buffer. DNA concentrations were measured, and 400-ng aliquots of the individual samples were electrophoresed in neutral agarose (0.8%) gels in Tris-acetate (0.04 M, pH 8.0)-EDTA (1 mM) buffer containing ethidium bromide (4.0 g/ml). The appearance of a nucleosomal ladder in cellular DNA is considered to be an indicator of ongoing apoptosis (54) in at least a portion of the isolated cells.
RESULTS
To study the effect of UV light on cell cycle progression (and to measure DNA repair during a defined cell cycle interval [40] ), it was necessary to isolate populations of cells, each at a specific phase of the cell cycle. We developed two synchronization protocols that were effective in isolating large numbers of CHO B11 cells at defined points in the G 0 , G 1 , S, and G 2 phases. A rough outline of our synchronization procedures is presented in Fig. 1 and explained in detail below.
Cell synchronization in G 1 . Incubation of cells in medium with limiting amounts of growth factors (starvation) has been shown to result in the eventual inhibition of cell division and the accumulation of cells in a quiescent (or G 0 ) state (1) . Starvation of exponentially growing CHO B11 cells in lowserum (0.2%) medium for 48 h or more resulted in populations with greater than 90% of the cells in G 0 /G 1 , i.e., having a 2n DNA content as determined by flow cytometry (Fig. 2B, 0 h ). In contrast, a typical asynchronous population of B11 cells ( Fig. 2A) is made up of about 40 to 50% G 1 -phase, 40% S-phase, and 10 to 20% G 2 /M-phase cells. Cells were allowed to progress synchronously into G 1 (and subsequently into S phase) by simply removing the low-serum medium and replacing it with complete (10% serum) medium (Fig. 1A) . Proof that the cells have begun cycling again after release from starvation is demonstrated by the entry of cells into S phase approximately 10 to 12 h after release into complete medium (Fig. 2B ). For studies of the effect of UV irradiation on progression through G 1 and into S phase, cells were irradiated with UV light at the time of release from starvation conditions (Fig. 1A) .
Cell synchronization in S and G 2 . A high level of synchronization of CHO cells in either S or G 2 phase was achieved by using serum starvation followed by periods of incubation first in complete medium supplemented with the plant amino acid mimosine and then in mimosine-free complete medium (Fig.  1B) . Mimosine has been shown to inhibit initiation of DNA replication in CHO cells; serum starvation followed by a period of incubation in mimosine results in the accumulation of cells at the G 1 /S boundary (36) . The levels of synchrony achieved at the time of release from mimosine and at defined time points afterward are presented in Fig. 3 and Table 1 . When CHO B11 cells were starved for at least 48 h and then incubated for 14 h in complete medium plus mimosine (50 M), most of the cells FIG. 1. Phase-specific synchronization protocols. (A) G 1 synchronization was achieved by incubation in starvation medium (Ͼ48 h) followed by release into complete medium. When appropriate, cells were UV irradiated at the time of release from starvation. (B) For S-and G 2 -phase synchronization, cells were first aligned at the G 1 /S boundary by starvation (as described above) followed by incubation in complete medium plus mimosine for 14 h. After release into complete medium without mimosine, cells progress synchronously through S and G 2 phases. When appropriate, cells were UV irradiated either 4 h (mid-S) or 7 to 9 h (G 2 ) after release from mimosine.
VOL. 15, 1995 UV-RESPONSIVE G 2 CHECKPOINT 3723 had a G 1 content of DNA by flow cytometric analysis (Fig. 3 , 0 h; Table 1 ). After the medium containing mimosine was replaced with fresh complete medium, the cells quickly and synchronously entered S phase, as evidenced by the slight increase in DNA content by 2 h after release from mimosine ( Fig. 3, 2 h ). Over the next few hours, the cells progressed synchronously through S phase ( Fig. 3, 2 , 4, and 6 h) and, by approximately 7 h after release from mimosine, entered G 2 phase, maintaining a high degree of synchrony ( Fig. 3, 7 h ). By 10 h after release from mimosine, most of the cells had progressed into the subsequent G 1 phase (Fig. 3, 10 h ). Initially, a higher concentration of mimosine (200 M) was used to synchronize cells; however, we achieved an optimal level of synchrony throughout both S and G 2 phases with a lower concentration (50 M), probably because of quicker clearance of the drug from cells after its removal from medium, resulting in quicker and more uniform entry of cells into S phase. When CHO cells were incubated in medium containing mimosine at concentrations of less than 50 M, progression into S phase was not completely blocked, resulting in a loss of the G 1 /S synchrony. Therefore, all S and G 2 experiments described below were carried out by first synchronizing cells at the G 1 /S boundary by serum starvation (Ͼ48 h) followed by a 14-h incubation in complete medium plus 50 M mimosine. When appropriate, cells were UV irradiated either at 4 h (mid-S phase) or from 7 to 9 h (G 2 3M phase) after release from mimosine ( Fig. 1B) . Effect of UV on progression of G 1 -synchronized cells. All experiments on the effect of UV on cell cycle progression were done by comparing (by flow cytometry) the cell cycle phase distribution of irradiated cells with that of unirradiated controls. To determine the effect of UV on progression from G 1 into S, CHO B11 cells were synchronized in G 0 by serum starvation, irradiated at 20 J/m 2 (or mock treated), and then released into complete medium. At the time of release and at defined time points afterward, individual plates of irradiated and unirradiated cells were harvested and prepared for flow cytometric analysis. The results of these analyses are presented in histogram form in Fig. 4 . Unirradiated cells progressed into S phase by approximately 12 h after release into complete medium and traversed the entire cell cycle to enter the subsequent G 1 phase by 24 h (Fig. 4A) . In contrast, UV-irradiated cells still had a G 1 DNA content at 12 and 15 h after release into complete medium and did not even begin to enter S phase until about 18 h after release ( Effect of UV on progression of mid-S-phase-synchronized cells. Next, we investigated the effect of UV light on the progression of CHO B11 cells synchronized in S phase. Serum starvation followed by mimosine treatment was used to align cells at the G 1 /S boundary. After removal of mimosine, cells proceeded synchronously into S phase. Four hours after removal of mimosine (mid-S phase), the cells were either irradiated with UV light (20 J/m 2 ) or untreated. Cells were harvested from irradiated and unirradiated plates either immediately or after various time intervals and analyzed for DNA content by flow cytometry. Unirradiated cells progressed normally through S phase and entered G 2 by 7 to 8 h after mimosine release (Fig. 5A) . By 12 h after release from mimosine, most of the unirradiated cells had entered the G 1 phase of the subsequent cycle, and by 24 h, they had essentially attained an asynchronous distribution. Changes in the cell cycle distribution of S-phase-synchronized, UV-irradiated cells as a function of time after mimosine release are presented in Fig. 5B . In contrast to the unirradiated populations, most of the cells irradiated 4 h after mimosine release remained in S phase for up to 15 h. Visual inspection of the flow cytometric data indicates that cells were slowly increasing their DNA content during this interval (data not shown); this finding indicates that DNA synthesis was occurring but that the rate was decreased after UV irradiation. Eventually the cells attained an apparent G 2 /M DNA content by 24 h and remained in G 2 for an extended period (Ͼ50 h) before a minor fraction (Ͻ20%) of cells began to enter the subsequent G 1 phase. Thus, UV irradiation of cells in mid-S phase results in a delay in S-phase progression followed by a prolonged G 2 arrest.
Induction of apoptosis in S-phase-irradiated cells. During the extended G 2 arrest observed after UV irradiation of Sphase-synchronized cells, some cells began to detach from the culture plates, indicating that cell death might be occurring. The cell detachment was first seen approximately 24 h after irradiation (corresponding roughly to the accumulation of cells with a G 2 /M DNA content), with the numbers of floating cells increasing over the remaining course of the incubation. To determine whether the cells were undergoing apoptosis, we separately isolated the genomic DNAs from both the attached and floating cells at various times (beyond 24 h after irradiation). The DNA samples were then electrophoresed on agarose gels to separate the degraded DNA fragments typically found in cells undergoing apoptosis. As seen in Fig. 6 , the apoptotic ladder is evident in all of the DNA samples isolated from floating cells (lanes F) but is not detectable in any of the samples from attached cells (lanes A) or in an unirradiated control (lane C). This pattern of DNA degradation has been observed after UV irradiation of mid-S-phase-synchronized cells at fluences as low as 10 J/m 2 (data not shown). These results suggest that UV irradiation of cells in S phase leads to an extended G 2 arrest and that a sizable proportion of cells probably undergo apoptotic cell death during this G 2 arrest period. Interestingly, the degradation of DNA characteristic of apoptosis does not appear to begin prior to the loss of cell adhesion.
Effect of UV on progression of G 2 -synchronized cells. To specifically study the effect of UV on cells in G 2 phase (after completion of replication but prior to cell division), it was essential to use a method that yielded a highly synchronous cell population in early G 2 phase. Most protocols for ''G 2 '' synchronization use drugs (such as nocodazole) that inhibit mitosis and therefore probably block cell cycle progression in late G 2 phase, at best. Typical purification of G 2 cells by centrifugal elutriation yields no greater than about 70% G 2 cells (17). Our synchronization protocol of serum starvation followed by mimosine treatment (50 M) yields a highly synchronized cell population at the G 1 /S boundary; when mimosine is removed, the cells proceed quickly into S phase. Between 7 and 8 h after removal of mimosine, the cells finish DNA replication and enter G 2 phase, maintaining a high level (Ͼ80%) of synchrony at 7.5 h after release from mimosine (Table 1) . If not UV irradiated, the cells remain in G 2 /M for 2 to 3 h before entry into the subsequent G 1 phase. For unknown reasons, a minor subpopulation of cells (20 to 30%) remains in G 2 for a significantly longer period. Nevertheless, this protocol allows a 2-to 3-h window in which to irradiate cells during G 2 /M and monitor their progression.
Initially, cells were UV irradiated at various times during this G 2 3M interval to determine if the timing of the irradiation was important. Cells were serum starved, incubated in mimosine, released into normal medium, and allowed to progress through S phase. At 0.5-h intervals between 7 and 9 h after release from mimosine, individual plates were UV irradiated (using 30 J/m 2 for this particular set of experiments) and either fixed immediately or allowed to incubate in fresh medium for various times before fixation for flow cytometry. Progression of unirradiated cells was also monitored for comparison. The results of the flow cytometric analyses are presented graphically in Fig. 7 , which shows the change in the percentage of cells having a G 2 /M DNA content with time after UV irradiation. At 7 h after release from mimosine, greater than 80% of the cell population have a G 2 /M DNA content. At this time, the remainder of the cells appear to be in late S phase. In unirradiated populations, the percentage of cells in G 2 /M increases to almost 90% at 8 h after mimosine release and then begins decreasing rapidly by 9 h, with concomitant increases in the percentage of cells in the subsequent G 1 phase. The majority of the unirradiated cells have progressed beyond G 2 /M by 10 h after release from mimosine.
When cells were UV irradiated 7 h after release from mimosine, the percentage of cells in G 2 /M phase remained high (about 85%) and reasonably constant for approximately 5 h before beginning to slowly decrease (Fig. 7) . In contrast, only about 30% of the unirradiated cells remain in G 2 /M by 12 h after release from mimosine, and the majority of these appear to be refractory toward further progression. If cells are irradiated 7.5 h after release from mimosine, again the percentage of cells in G 2 /M remains high for several hours before beginning to decrease at 12 h after mimosine release (Fig. 7) . The timing of this decrease in G 2 /M cells is slightly earlier and the rate of the decrease is faster than if the cells were irradiated 7 h after release from mimosine. When cells were irradiated even later (8 to 9 h after mimosine release), the decrease in the percentage of G 2 /M cells began within 0.5 h after irradiation (Fig. 7) . In these cases, irradiation at later times in G 2 or M phase also correlated with a higher rate of decrease in the percentage of G 2 /M cells. Cells irradiated between 8 and 9 h after release from mimosine had nearly the same cell cycle phase distribution as unirradiated cells by 15 h after release from mimosine. Taken together, these data strongly suggest that a UV-responsive checkpoint exists early in G 2 phase in CHO B11 cells. UV irradiation in G 2 before the putative checkpoint caused a 4-to 5-h delay before entry into the subsequent G 1 phase. Irradiation in G 2 /M but after the checkpoint had little or no effect on progression into G 1 . For subsequent experiments on the UV dose dependence of G 2 arrest and on the G 2 -specific repair of UV damage (see the accompanying report [40] ), irradiations were performed early in G 2 (7.5 h after release from mimosine) to maximize the percentage of G 2 /M cells both at the time of irradiation and throughout the arrest interval.
Next, we investigated the dose response of this UV-induced G 2 arrest. CHO B11 cells were synchronized at the G 1 /S boundary by using serum starvation followed by mimosine treatment as described above and were then released into normal medium. , the length of the G 2 arrest appears not to increase proportionately to the UV dose, suggesting that this effect may be saturated at a certain level of UV-induced damage. Since the duration of the G 2 arrest appears to be optimal at a fluence of 30 J/m 2 , this dose was routinely used in G 2 -specific repair experiments (see accompanying report [40] ). FIG. 5 . Progression of unirradiated or UV-irradiated, S-phase-synchronized CHO B11 cells. (A) CHO B11 cells were synchronized at the G 1 /S boundary by serum starvation for at least 48 h followed by a 14-h incubation in normal medium plus mimosine (50 M). The medium containing mimosine was then replaced with normal medium without mimosine, and the cells were incubated for 4 h to allow progression into mid-S phase, at which time cells were mock irradiated. The cell cycle distribution was determined by flow cytometry either immediately (the origin is defined as 4 h after release from mimosine) or after various periods of incubation (up to 36 h) in fresh normal medium. (B) CHO B11 cells were synchronized at the G 1 /S boundary by serum starvation for at least 48 h followed by a 14-h incubation in normal medium plus mimosine (50 M). The medium containing mimosine was then replaced with normal medium without mimosine, and the cells were incubated for 4 h to allow progression into mid-S phase. At this time cells were irradiated (20 J/m 2 ) with UV light, and the cell cycle distribution was determined by flow cytometry either immediately (the origin is defined as 4 h after release from mimosine) or after various periods of incubation (up to 80 h after release from mimosine) in fresh normal medium. For both unirradiated (A) and irradiated (B) populations, the percentages of cells in the G 1 , S, and G 2 /M phases were determined by computer analysis of histograms generated from the flow cytometric data. Changes in the percentages of cells in each phase over time are presented in the form of an area plot. VOL. 15, 1995 UV-RESPONSIVE G 2 CHECKPOINT 3727
DISCUSSION
The eukaryotic cell cycle was originally defined by the two major metabolic events involving the entire genome: duplication of nuclear DNA and the equal division of the duplicated chromosomes (as well as the cytoplasm) between daughter cells. Cellular function and viability require that the fidelity of both processes be maintained, a task complicated by constant insults to DNA from exogenous agents and endogenous metabolic by-products. Intuitively, the timing of the induction of damage to DNA (and its repair) with respect to DNA replication and chromosome segregation are critical to this fidelity. Cells have mechanisms to apparently lessen the effect of damage on both processes by (i) delaying the onset of DNA replication (G 1 arrest), (ii) slowing the rate of DNA replication, and (iii) delaying mitosis (G 2 arrest). Ionizing radiation (which induces many types of DNA damage, including strand breaks) has been shown to induce all of these responses (21, 49) , although the mechanisms underlying each response remain unclear. In this study, we have characterized the effect of UV light (which generates almost exclusively base damage) on the progression of CHO cells synchronized at defined points in the cell cycle. Our experiments demonstrate that UV irradiation of these cells causes delays in G 1 , S, and G 2 progression (Table  2) .
CPDs are the predominant lesions (70 to 80%) generated in DNA upon irradiation with UV light (34) . A CPD, a covalent link between adjacent pyrimidine bases, is a potential problem for template-mediated processes such as transcription and replication. Indeed, this lesion in a DNA template blocks elongation of nascent nucleic acid chains by RNA (43) and DNA (3, 35) polymerases. Removal of CPDs from genomic DNA is accomplished by nucleotide excision repair complexes. The efficiency of repair of CPDs depends on the transcriptional status of the DNA sequence (5, 29, 31, 32, 40, 48) . In CHO cells, repair of CPDs appears to be completely limited to the transcribed strand of active genes (29, 32, 40) ; thus, CPDs must persist in the nontranscribed strand of active genes and in inactive regions of the CHO genome. Progression of cells through the cell cycle (particularly through S phase) under such conditions would seem to be a risky undertaking. Nevertheless, our results demonstrate that UV irradiation of CHO cells delays cell cycle progression but does not prevent it. This finding suggests that CHO cells must have efficient mechanisms to tolerate the presence of CPDs, especially in areas of the genome which are not used as templates for RNA synthesis.
If irradiated with UV light while in G 1 phase, CHO B11 cells delay their entry into S phase; the duration of this delay is proportional to the UV fluence. At a UV fluence of 20 J/m 2 , this delay is approximately 6 to 8 h. The classic G 1 arrest observed following ionizing radiation is mediated by the p53 protein (15) . Although p53 protein levels increase in mouse and human cells after UV irradiation (28, 56) , there has been no direct demonstration of a p53-mediated G 1 arrest in UVirradiated cells. However, our CHO cells have abnormally high levels of p53 protein under noninducing conditions, suggesting that this form of the protein is mutated (39a). Thus, our observation of a delay of entry into S phase after UV irradiation of G 1 -synchronized cells might be due to a p53-independent G 1 arrest pathway. However, several other explanations are possible. A number of genes necessary for DNA replication are transcribed in late G 1 . The presence of CPDs (or other UVinduced lesions) in the template strands of these vital genes might simply inhibit their transcription, leading to low levels of these proteins and delay in the initiation of DNA replication. This notion is supported by (i) the observed inhibition and recovery of overall RNA synthesis after UV irradiation (14, 30) and (ii) a rough correlation between the timing of completion of repair of an actively transcribed template (see the accompanying report [40] ) and the timing of the beginning of DNA replication (as determined by bromodeoxyuridine incorporation and flow cytometry). Repair of CPDs in the transcribed strand of the dihydrofolate reductase gene is about 80 to 90% complete by 12 to 14 h after irradiation in G 1 (40) , coinciding with flow cytometric and bromodeoxyuridine incorporation data showing that cells begin to enter S phase between 12 and 18 h after irradiation in G 1 (this work and the accompanying report [40] ). Another possibility is that UV-induced DNA damage blocks the replication machinery at a very early stage, so early that increased DNA content is undetectable by flow cytometry. However, it is unlikely that physical blockage of replication forks by UV damage could account for such a strong inhibition of replication for the entire 6-to 8-h delay, since irradiation at the same UV fluence during S phase only slows the rate of DNA synthesis over a comparable period of time (see below). Another possibility is that a drastic deficiency in replicon initiation accounts for the absence of detectable DNA synthesis in our experiments. Inhibition of replicon initiation by UV irradiation has been found previously in human fibroblasts (19, 38) ; however, activation of alternative replicons after UV irradiation has also been observed in both CHO (10) and human (11) cells, suggesting that inhibition of replicon initiation is a transient phenomenon. Since we observed an apparent lack of DNA synthesis, our data tend to support a mechanism which blocks cell cycle progression in G 1 , prior to initiation of DNA replication.
We also investigated the effect of UV irradiation on cell cycle progression of G 2 -synchronized cells. Cells irradiated early in G 2 undergo a dose-dependent delay of entry into the subsequent G 1 phase (Fig. 7 and 8 ), whereas cells irradiated late in G 2 or M phase undergo little or no delay in progression through mitosis and into the subsequent G 1 phase (Fig. 7) . These results indicate the existence of a UV-responsive checkpoint early in the G 2 phase of the cell cycle in CHO cells. Although G 2 arrest following ionizing radiation is a well-established phenomenon in mammalian cells, to our knowledge, this is the first report of such a mechanism in response to UV irradiation in mammalian cells. The duration of this G 2 arrest is dose dependent (at least at UV fluences below 30 J/m 2 ), indicating a direct correlation between the level of damage and the length of the arrest. G 2 arrest following ionizing radiation occurs through inhibition of the cyclin-dependent kinase activity necessary for entry into mitosis (25) and is thought to be a consequence of the generation of strand breaks. The reason for our observed UV-induced G 2 arrest is unclear. The base damage induced by UV light should not be a threat to the faithful initiation and completion of chromosome segregation during mitosis. This is indeed the case, since the extension of G 2 phase by UV irradiation does not provide sufficient time for complete repair of CPDs before mitosis (40) . Perhaps a small number of strand breaks are present after UV irradiation, either as a direct result of irradiation or as intermediates in the repair of UV-induced base damage. Such breaks, if they occur, might be sufficient to cause the short G 2 arrest that we observed in G 2 -irradiated cells.
UV irradiation of CHO cells synchronized in mid-S phase also affected cell cycle progression, delaying completion of DNA synthesis by about 12 h. This delay, however, differs from the DNA synthesis delay seen after G 1 irradiation, in that DNA synthesis is slowed but not stopped during a comparable period prior to entry into G 2 phase. A reduction in the rate of DNA synthesis after UV irradiation is most easily explained by the physical blockage of replication fork movement by UVinduced lesions (3, 35) . Inhibition of initiation at late-firing origins of replication could also be responsible for a reduction in the rate of DNA synthesis. Our results show that this inhibition of DNA synthesis is only transient, as cells eventually attain a G 2 DNA content. Translesion (bypass) synthesis (47) and gap formation (following discontinuous DNA synthesis) (24, 44) have been proposed as mechanisms by which DNA synthesis on damaged templates can resume. Certainly, the lack of CPD repair in nontranscribed DNA in CHO cells (4, 29, 32, 40) implies that these cells have an efficient mechanism which tolerates the presence of CPDs in parental DNA during replication.
An extended G 2 arrest following the delay in S-phase progression was observed after UV irradiation of mid-S-phasesynchronized cells. This prolonged arrest differs significantly in several ways from the G 2 arrest observed after UV irradiation of G 2 -synchronized cells. First, the duration of the G 2 arrest following S-phase irradiation is much longer (Ͼ50 h, compared with the 4-to 5-h arrest following G 2 irradiation) (Table 1) . Second, most, if not all, of the G 2 -irradiated cells eventually enter the subsequent G 1 , while very few (Ͻ20%) of the Sphase-irradiated cells enter G 1 after this extended G 2 arrest. Finally, our data indicate that the cells which do not escape the extended G 2 arrest after S-phase irradiation appear to eventually enter the apoptotic cell death pathway. No apoptotic cell death is observed during the shorter G 2 arrest which occurs after UV irradiation in G 2 phase. These differences indicate that UV damage acted on by the replication apparatus sends a different (and/or perhaps stronger) signal to the factors that regulate progression into mitosis than UV damage induced after completion of replication. We can infer that at least some of the damage induced during S phase is not acted on by a translesion (bypass) synthesis mechanism, because translesion synthesis of all UV-induced damage would result simply in persistence of the same type of lesions which cause a short G 2 arrest. Therefore, we believe that the action of the replication apparatus on some UV-induced lesions results in gap formation or single-and double-strand breaks. Thus, cells may not be able to actually complete the replication process, resulting in types of damage that are more serious threats to the fidelity of chromosome segregation than the base damage caused by UV irradiation alone. In agreement with this hypothesis, UV irradiation during S phase leads to increased levels of chromatid breaks (20) . The extended G 2 arrest after UV irradiation in mid-S-phase-synchronized cells is also reminiscent of the G 2 arrest following exposure to ionizing radiation, which induces many types of DNA damage, including single-and doublestrand breaks.
A major accomplishment of this study was the establishment of a synchronization protocol to attain highly synchronous populations of CHO cells in the S and G 2 phases of the cell cycle. This protocol is an extension of the work of Mosca et al. (36) , who demonstrated that after a period of serum deprivation, the plant amino acid mimosine inhibits initiation of DNA synthesis by an as yet unknown mechanism. Once removed from the cell culture medium, mimosine is quickly cleared from the cell (24a). Our results indicate that the effects of mimosine on replicative DNA synthesis are indeed very short-lived. After removal of the drug from the medium, cells proceed quickly and synchronously into S phase. The duration of S phase after mimosine release appears to be identical to the time that it normally takes to traverse S phase. In addition, mimosine has no effect on nucleotide excision repair processes either during incubation with the drug or after its removal (40) . Thus, mimosine, having no lingering effects on DNA metabolism, appears to be an ideal drug for use in synchronization studies. Many other methods for synchronizing cells at the G 1 /S boundary use treatments (such as thymidine blocks or incubation with hydroxyurea) which affect DNA metabolism directly. Our S or G 2 synchrony using mimosine is better than what can be attained by centrifugal elutriation (17), a commonly used method to obtain populations of cells in S and G 2 phases. The method presented here (serum deprivation followed by treatment with mimosine) should be of general application when highly synchronous populations of cells at defined time points in either S or G 2 phase are needed. 
